A novel spectroscopic imaging method with high spectral and spatial resolution was developed for the specific goal of assessing muscle fat. Sensitivity to the methylene and methyl protons of fatty acids was improved by the use of a binomial 1 1 excitation pulse instead of the standard radiofrequency (RF) pulse. Acceptable measurement time is achieved by using a narrow spectral bandwidth (6 ppm). The spectral resolution is sufficient to resolve extramyocellular (EMCL) and intramyocellular ( 
The first assessments of muscle fat were performed in biopsy specimens. However, because of the invasive nature of this technique, only a few data points can be obtained. Computed tomography (CT) has been used both to measure the total body fat content and to study different fat compartments, and provides a relatively accurate measurement of internal and subcutaneous fat (1, 2) . However, the low lipid concentrations in muscle cannot be quantified accurately from biopsy specimens or by CT because neither of these techniques is sufficiently sensitive to distinguish between extramyocellular (EMCL) and intramyocellular (IMCL) lipids. These problems can be overcome with the use of 1 H magnetic resonance spectroscopy (MRS) (3), which is a unique noninvasive method with high sensitivity. The main metabolites that are detectable in proton spectra of muscles include EMCL, IMCL, trimethylammonium, creatine/phosphocreatine, carnosine, and taurine (4).
It is important to assess EMCL and IMCL stores in skeletal musculature in studies of the physiological and pathological aspects of lipid metabolism (5) (6) (7) . Bulk fat (EMCL) is stored subcutaneously and in interstitial (adipose) tissue. Along the fasciae, muscle boundaries and fibers form macroscopic plate structures that run almost parallel with the long axes of the extremities. Intramyocellular lipids are stored in the form of liquid droplets in the cytoplasm of muscle cells (8) . Different muscle groups contain different amounts of EMCLs and IMCLs (7, 9) , and these amounts are considerably greater in obese than in lean individuals (6, 7) . EMCLs serve as a long-term fat depot, whereas IMCLs are involved in lipid metabolism with a turnover of some hours. IMCLs vary in quantity during physical exercise (8) and also depend on food intake (10, 11) . The role of IMCL in diabetes is not fully understood; however, an inverse correlation between IMCL concentration and insulin sensitivity has been confirmed by several research groups (6, 7, 12, 13) .
The spectral line positions of EMCL and IMCL depend on both the chemical shifts and the local bulk magnetic susceptibility effects. Since the IMCL droplets have a spherical shape and are stored in a susceptibility homogeneous (ϳwater) environment of muscle cells, IMCL signals are independent of the muscle orientation relative to the magnetic field, B 0 . IMCL always resonates at the same frequency: 1.3 ppm. For macroscopic EMCL structures distributed along muscle fibers, bulk magnetic susceptibility effects are altered by the orientation of the fibers relative to B 0 . The EMCL chemical shift is maximized (1.5 ppm) at parallel orientation and reaches a minimum (1.2 ppm) at perpendicular orientation (8, 14) . Recently, the angle between muscle fibers and the long axis of the lower leg was reported to range from 0°to ϳ50° (15, 16) . EMCL spectral line positions of 1.5-1.3 ppm are the consequence of such fiber orientation when the leg is approximately parallel to B 0 .
Inhomogeneously distributed lipids in muscle cannot be assessed adequately by single-voxel spectroscopy or by conventional proton magnetic resonance spectroscopic imaging (MRSI). Volumes of interest (VOIs) of a few cm 3 with single-voxel MRS (5, 6, 8) and about ϳ0.8 cm 3 with MRSI (15-18) have been reported. Obviously, such large voxels contain regions with high concentrations of EMCL. Since EMCL signals from adipose and interstitial tissue are about two orders of magnitude more intense than IMCL signals, there will be substantial overlaps of EMCL resonances with IMCL. In addition, MRSI spectra are contaminated by a signal from subcutaneous fat and bone marrow as a consequence of limited k-space sampling (16) . With a Fourier reconstruction, the effects of limited sampling are the well-known "Gibbs ringing" and the associated long-range signal contamination. Furthermore, the superposition of the IMCL spectral line with the range of EMCL signal components prevents an accurate evaluation of both portions. A fat-selective MRI technique with high spatial resolution has been used to assess muscle fat (5, 7, 9) in large irregular VOIs. However, this technique is not able to distinguish between EMCL and IMCL.
The principal aim of the present study was to develop a new approach to quantify muscle lipids. A variant of the MRSI technique with high spatial and relatively high spectral resolution was applied.
MATERIALS AND METHODS

Subjects
Five volunteers (three men and two women) participated in this study. The subjects were non-obese and healthy, and had sedentary occupations (mean age ϭ 42.2 Ϯ 5.4 years, range ϭ 35-47 years; body mass index (BMI) ϭ 22.7 Ϯ 2.9 kg/m 2 , range ϭ 18.0 -25.1 kg/m 2 ). The study was conducted in accordance with the regulations of the local ethics committee. Each subject was informed about the purpose and scope of the study, and gave written consent.
Experiments
The MRSI sequence was implemented on a 1.5 T clinical system (Gyroscan NT; Philips Medical Systems, Best, The Netherlands) equipped with gradients with a maximum slew rate of 150 mT/m/ms and a maximum amplitude of 30 mT/m. A whole-body coil was used for excitation, and a standard quadrature coil was used for the extremities (circular polarized volume coil, internal diameter ϭ 18 cm, length ϭ 20 cm) served as the receiver. The subject lay in a supine position with the most extended part of the left calf in the center of the coil. The coil was fixed to the magnet table, always in the same position, which ensured a nearly parallel orientation of the leg relative to the static magnetic field B 0 . Shimming over an entire slice was performed automatically. The pulse sequence is shown in Fig.  1 . The main part of the sequence was derived from the radiofrequency (RF) spoiled gradient-echo sequence with step increments of TE, while TR and bandwidth per pixel were kept constant (19 -22) . Slice selection was achieved by using the manufacturer's fat-selective binomial 1 1 excitation pulse instead of the standard RF pulse. A binomial 1 1 excitation pulse consists of two optimized sinc-shaped composite pulses with a duration of 1.11 ms and a 4260 Hz bandwidth (full width at half maximum (FWHM)). The time delay between the composite elements was 2.303 ms. The frequency response of this excitation (the bandwidth for full excitation) was in the chemical shift range of 3-0 ppm, i.e., in the range of methylene and methyl protons of fatty acids. This range is sufficiently wide to take into account possible shifts of the methylene (fat) resonances Ϯ 0.3 ppm caused by magnetic field variations in the measured slice. The water signal suppression was achieved by a factor of approximately 5. We emphasize that the broad fat excitation bandwidth and weaker water suppression were the main reasons for using the simplest 1 1 excitation pulse instead of other binomial pulses (12 1,13 31 ) available in our scanner. The sensitivity to low muscle fat signals was sufficiently improved, and the muscle's water lines remained higher than the fat lines. It was then possible to compute the magnetic field distribution ⌬B in the muscles from the spectral position of the higher residual water line in each voxel. Fat lines are less suitable for this purpose because of their asymmetry and the difficulty of determining the right maximum position. A spectral bandwidth of 6 ppm and spectral resolution of 0.066 ppm were achieved with 92 transverse image records with a TE increment, ⌬TE of 2.6 ms (TE m ϭ TE 1 ϩ m⌬TE, m ϭ 0, 1, . . . 91, TE 1 ϭ 8 ms). Each gradient echo was sampled at 512 points, i.e., an oversampling factor of 2 was used in the read gradient direction k read . Image matrix (256, 256), FOV ϭ 150 mm, and 128 phase-encoding steps (k phase ) led to resolution in the plane of 0.59 ϫ 1.17 mm. The slice thickness was 15 mm, the bandwidth per pixel was 135.7 Hz, and the flip angle was 40°. The measurement time was 51 min (TR ϭ 260 ms, one acquisition).
Raw Data Processing
After the examination was performed, the raw measurement data were transferred to a Sun Ultra 10 workstation for processing. All of the MRSI processing algorithms were developed in-house and are described in detail elsewhere (21) (22) (23) . In brief, the measured complex matrix (k read , k phase , k m ) was zero-filled in the k phase and k m directions to a size (512, 256, 512). The first fast Fourier transform (FFT) was performed along the k m axis. The resulting data matrix (k read , k phase , ␦), where ␦ is the chemical shift, comprised spectra for each coordinate (k read , k phase ). A narrow spectral bandwidth of 6 ppm and a magnetic field variation of Ϯ0.3 ppm in the measured slice resulted in spectral line aliasing. Figure 2a shows absolute value spectra at the plane k phase ϭ 0 with typical aliasing of the water lines. ␦ ϭ 0 ppm represents the reference frequency of the quadrature detector. Here the reference frequency was assigned to the fat signal by the hardware in this case, since the fat signal was dominant after water suppression. Aliasing was removed by shifting all spectra about the constant value to the optimum position shown in Fig. 2b . This is a new and inevitable step in our data processing. The data matrix was then corrected for chemical shift artifacts using a first-order phase correction. The first-order phase correction was performed by multiplying data matrix (k read , k phase , ␦) by the term exp[Ϫ i␥[k read /(␥g read ) ϩ TE 1 )B 0 ], where g read is the read gradient, and is an isotropic shielding constant (22) . Data processing continued by standard 2D FFT along the k read and k phase axes. The static magnetic field distribution ⌬B(x read , y phase ) in the measured slice was computed from the shift of the highest spectral line in each voxel. In our case this could be the water or the fat line. The highest fat spectral line originates almost exclusively from the voxels filled with the bulk fat (EMCL) stored as subcutaneous or interstitial (adipose) tissue. The "fat" voxels had to be recognized and the constant 3.2 ppm had to be added to the computed value of the magnetic induction, i.e., the chemical shift between the methylene line of the bulk fat (1.5 ppm) and the water (4.7 ppm) line. This problem was solved by a region-growing algorithm (23). The voxel spectra were then corrected by shifting about ⌬B/B 0 along the spectral axis ␦. Water and fat images were computed by integrating the water and fat voxel spectral lines. An integration range of Ϯ0.2 ppm over the voxel water and fat spectral lines was used. In spite of water suppression, the water-suppressed image was more suitable for defining the VOIs (Fig. 3a) than the fat image (Fig. 3b) . To improve muscle and septa differentiation, a histogram equalization routine of the standard Unix program XV was used for water-suppressed image processing (Fig. 3a) .
Spectrum Processing
Irregularly shaped VOIs were drawn in the water-suppressed image (Fig. 3a) . The borders were chosen to be at least 3 mm inside the intermuscular septa to avoid fat contamination from septa and subcutaneous fat, and from any smearing of signals from tissue with a very high fat content in the phase-encoding direction (9,16). The gastrocnemius lateralis (GL), gastrocnemius medialis (GM), and soleus (SOL) muscles, and the deep posterior (DPC), anterior (AC), and lateral (LC) muscle compartments were selected. The image resolution was not sufficient for reliable identification of individual muscles in those compartments. The average magnitude spectrum per voxel was computed for each VOI. Spectra were obtained by summing the voxel's module spectra and dividing by the num- 3 ) indicated by gray pixels in tibial bone marrow and subcutaneous fat (see arrows). c: Mask matrices used for VOI definitions. The total muscle fat (EMCL ϩ IMCL) was computed from the regions defined by white and gray pixels. IMCL concentrations were computed from the spectra using the VOI depicted by gray pixels.
ber of voxels. Only the average magnitude spectra per voxel are considered in the next sections. Baseline correction was performed using a cubic spline routine with fixed baseline points. Spectral intensities (peak areas) were determined by a nonlinear Levenberg-Marquardt fit of the Lorentz lines, using a standard analysis package (ORIGIN 7.5; OriginLab, Northampton, MA, USA). Prior knowledge (the lineshape model) was used to fit the strongly overlapping resonances of EMCL and IMCL. The lineshape model was obtained by fitting a series of pure EMCL spectra from regions containing only subcutaneous fat and bone marrow. Figure 4a shows an example of such a spectrum. The spectrum was computed from the group of the voxels indicated in Fig. 3b by pixels of constant gray intensity in tibial bone marrow and subcutaneous fat (arrows). The intensities (peak areas) of methylene (EMCL CH2 ) and methyl (EMCL CH3 ) groups were fitted at 1.49 and 1.07 ppm, respectively. In addition, the broad line at 1.8 ppm (EMCL LIP ) was added (8) to take into account the lipid contributions between 1.5 and 2.5 ppm, attributed to various CH 2 groups in esters and unsaturated fatty acids (3). The areas EMCL LIP , EMCL CH2 , and EMCL CH3 , and the corresponding linewidths W LIP and W CH2 were fitted independently without constraints. The EMCL CH3 linewidth W CH3 was kept equal to W CH2 because of uncertainty in fitting of this relatively small line. We noted that this approximation only negligibly influenced the fitting of other spectral lines. The average linewidths W LIP and W CH2 ϭ W CH3 and the intensity ratios I LIP /I CH2 ϭ EMCL LIP /EMCL CH2 and I CH3 /I CH2 ϭ EMCL CH3 /EMCL CH2 were computed from the series of EMCL spectra and used as the prior knowledge. Figure  4b shows a representative spectrum of the SOL muscle. The spectral lines IMCL LIP , IMCL CH2 , and IMCL CH3 were fitted at fixed positions of 1.6, 1.28, and 0.885 ppm. During the iteration procedure, the linewidths W LIP and W CH2 ϭ W CH3 , and the intensity ratios IMCL LIP /IMCL CH2 ϭ I LIP /I CH2 and IMCL CH3 /IMCL CH2 ϭ I CH3 /I CH2 were kept fixed. The position and linewidth of the spectral line EMCL CH2 was fitted without constraints because of variations of the EMCL spectral line positions due to different fiber orientations in the muscles. The resonance frequencies of EMCL LIP and EMCL CH3 were kept fixed in relation to EMCL CH2 . The intensity ratios EMCL LIP /EMCL CH2 ϭ I LIP /I CH2 and EMCL CH3 /EMCL CH2 ϭ I CH3 /I CH2 were kept fixed. The EMCL CH3 linewidth was kept equal to the EMCL CH2 linewidth. The linewidth of EMCL LIP was fitted with wide constraints ͗W LIP ;2W LIP ͘.
The fat content in the musculature was assessed using the methylene (EMCL CH2 ) spectral intensity of the voxels with a 100% fat content as internal reference. These voxels were selected by thresholding the fat image (Fig. 3b) . A threshold level Ն 0.85I max was chosen, where I max is the maximum image intensity. We noted that the spectral intensity differences were negligible for threshold levels Ն0.8I max . The average spectrum per voxel was determined from the group of voxels indicated in Fig. 3b by pixels of constant gray intensity in tibial bone marrow and subcutaneous fat (see arrows). Both subcutaneous fat and tibial bone marrow (trabecular bone free) can be used as the internal reference, since EMCL, IMCL, subcutaneous fat, and yellow bone marrow have essentially the same composition of fatty acid triglycerides, with very close relaxation times T 1 and T 2 (3, 6, 9, 18) . Figure 4a shows the reference spectrum, and Fig. 4b shows the spectrum of the SOL muscle. The corresponding SOL muscle VOI is shown Fig. 3c (white and gray pixels in SOL). The total lipid content in the musculature (% volume share) was calculated as the ratio of methylene (EMCL CH2 ϩ IMCL CH2 ) spectral intensities and internal fat reference (EMCL CH2 ). The spectrum seen in Fig. 4b was not optimal, however, for evaluating the IMCL CH2 intensity. The IMCL CH2 line (1.28 ppm) is contaminated by EMCL signals, since the EMCL CH2 resonances change with fiber orientation at the range from 1.5 to ϳ1.3 ppm (15). Contamination can be suppressed when the VOI contains only minimal amounts of EMCL (14) . A suitable VOI is represented by gray pixels in Fig. 3c . This VOI was selected by thresholding the fat image (Fig. 3b) . Image intensities Յ 0.015I max were used to define the gray pixels. Figure 4c shows the resulting spectrum, fitted Lorentz lines, and residuum of fitting. IMCL content was computed as the intensity ratio of IMCL CH2 to the internal fat reference EMCL CH2 .
RESULTS
The proposed technique provided a fat image and an average magnitude spectrum with a good signal-to-noise ratio (SNR) in all subjects. Figure 3b shows a typical fat image. A representative reference fat spectrum and spectra from the SOL muscle are shown in Fig. 4 . The mean lipid content, standard deviations (SDs), and ranges of the whole study group are given in Table 1 and depicted in Fig. 5 . Both the fat images and spectroscopy revealed interindividual variability of the lipid content in all muscle groups. The variation of the individual total lipid content was highest in LC (widest range), while the highest range of the IMCL content was found in SOL, as expressed by the SD bars in Fig. 5 . In spite of interindividual variations, some features were common to all subjects of our study group: the lowest total lipid content was found in the anterior compartment (AC), and the highest was observed in the lateral compartment (LC); the highest IMCL content was seen in the SOL muscle, and IMCL was very low in both gastrocnemius muscles (GM and GL).
DISCUSSION
The total lipid content measured in our work can be directly compared with the results of fat-selective imaging (5, 7, 9) , since the latter technique uses fat as the internal reference and data are averaged from large and irregularly shaped VOIs. For example, a total fat content of 2.5% Ϯ 0.7 % (5,7) for SOL, 1.9% Ϯ 1.0% for GM, 1.6% Ϯ 0.9% for the tibialis anterior (ϳAC), 3.1% Ϯ 1.4% for the peroneus longus et brevis (ϳLC), and 2.4% Ϯ 0.7% for all muscles on the cross-section have been reported for a group of normal volunteers with a similar body mass index (7) . Taking into account the SDs and natural interindividual variability (7, 9) , these values are in good agreement with our results (Table 1) . Comparisons with localized spectroscopy and conventional MRSI are not straightforward. These techniques use unsuppressed water or creatine as the internal concentration reference (6, 8, 16, 18) , and only a few voxels are evaluated. Additionally, the total fat content depends significantly on the position of the voxels in the muscles, since both EMCL and IMCL are inhomogeneously distributed through the measured slice (16) .
The positive feature of the proposed method is its high spatial resolution (i.e., a large number of phase-encoding steps can be applied). The consequence of this is a significant reduction of blurring of MRSI data in the phaseencode direction (truncation artifacts). This minimizes contamination of the muscle spectra due to signal bleeding from the surrounding subcutaneous and interstitial fat or bone marrow. High spatial resolution provides other clear advantages, such as irregularly shaped VOIs and the ability to use the intensity criterion to exclude voxels with a large EMCL content (Fig. 3c) . Note that the criterion has both positive and negative aspects. The advantage is improved IMCL fitting (Fig. 4c) , and the drawback is systematic bias toward smaller IMCL signals, which can lead to IMCL overestimation.
Only magnitude spectra were used in this work. Calculation of absolute values was necessitated by the need to add large numbers (10 2 Ϭ 10 4 ) of voxel spectra. Spectra from small voxels are often noisy and require individual phase corrections before summation is performed. Such a large number of spectra cannot be reliably phase corrected. Obviously, magnitude spectra calculations lead to a loss of spectral resolution compared to conventional MRSI. It should be noted, however, that the main reason for a decrease in spectral resolution is a variation of EMCL resonances due to differences in fiber orientation in muscles (15, 16) . This phenomenon also has consequences in the spectral line shape. Variations in EMCL resonances, shimming imperfections, susceptibility effects, etc. result in original and unrepeatable spectral lineshapes for each VOI. Fitting of the module spectra with a Lorentzian lineshape (Fig. 4) should be understood as a first approximation.
The main disadvantage of our method is that it involves relatively complicated data processing. Two user interactions are required in the present version of our software. The first is the visual inspection of the plane k phase ϭ 0 (Fig. 2a) and determination of the spectral shift constant for correction of spectral line aliasing (Fig. 2b) . The second is the definition of the spatial position of the start voxel inside the measured slice for computing the static magnetic field distribution ⌬B(x read , y phase ) by a region-growing algorithm (23) . A simple trade-off control between spatial and spectral resolution is the positive feature of our technique. However, the single gradient-echo sequence is not ideal in respect to the measurement time. It should be noted that by using the multiple gradient-echo version of our sequence (24) , it is possible to reduce the measurement time appreciably. The two basic readout gradient waveformstrapezoidal (25, 26) and asymmetric (27)-can be used to shorten the experiment. Both approaches are sensitive to static magnetic field inhomogeneity, local susceptibility changes, eddy currents, and imperfections in the gradient hardware. As a result, the free induction decay (FID) signals are not uniformly sampled at k-space and thus generate spectral artifacts. We believe the interleaved asymmetric gradient waveform approach (28) is the most suitable for our purpose. If the gradient system has sufficient power (Ͼ20 mT/m), echoes can be acquired using only one polarity of the readout gradient. This approach simplifies spectral artifact corrections (29) and permits effective control of both imaging and the spectral bandwidth. The measurement described in this work can be performed with use of four interleaved asymmetric gradient echo trains (each train having 23 echoes), 10.4 ms echo spacing, and a 5.44 mT/m readout gradient. The total measurement time will be reduced to 133 s. This allows an increase in the number of acquisitions within a practically acceptable acquisition time and further improvement of the spatial resolution. Potential applications range from spectroscopic microimaging (22, 30) to metabolite imaging (31) and spectroscopy of large volumes (23) .
Our measurement is limited by a research "patch" pulse sequence to a single gradient echo version (Fig. 1) . However, the proposed data processing approach is applicable to all variants of echo-planar spectroscopic imaging sequences, which use phase-encoding before the beginning of the echo train and a constant read gradient during acquisition (24, 26, 28, (32) (33) (34) (35) (36) (37) . The described approach for handling spectral line aliasing (Fig. 2) is applicable to even more complicated sequences (31, 38, 39) .
CONCLUSIONS
The present work demonstrates that the proposed spectroscopic imaging technique is a promising alternative to single-voxel spectroscopy and conventional spectroscopic imaging for evaluating muscle lipids. The use of a large number of phase-encoding steps minimizes contamination of the spectra due to signal bleeding from surrounding subcutaneous or interstitial fat and bone marrow. The spectra showed good SNRs and sufficient spectral resolution. The small voxels that can be achieved facilitate differentiation between EMCL and IMCL. This feature could be particularly important for measurements in obese patients, in whom it is most difficult to determine the IMCL.
